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Abstract
Lepton flavor violating (LFV) processes, e+e− → e+`− and e−e− → e−`− (` = µ or
τ), via four-Fermi contact interactions at future International Linear Collider (ILC)
are studied. Taking account of previous experimental results of LFV processes µ→ 3e
and τ → 3e, we find that the upper limits on the LFV parameters for ` = τ could be
improved at the ILC experiment using the polarized electron beam. The improvement
of the upper limits could be nearly an order of magnitude as compared to previous
ones.
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1 Introduction
Discovery of the neutrino oscillation [1] implies the finite but tiny mass of neutrinos and
opens a window to new physics beyond the Standard Model. One of the direct consequences
of massive neutrinos is the lepton-flavor violating (LFV) processes, though the size of the
signal is highly model dependent. For example, a simple extension of the SM which al-
lows neutrinos to be massive predicts the branching ratio of µ → eγ as Br(µ → eγ) =
3
32pi
α|U∗eiUµi|2(mνi/mW )4 < 10−48(mνi/1 eV)4, which is hopeless to be observed (where α, Uij
and i denote the fine-structure constant, lepton-flavor mixing matrix and the generation
index, respectively). In some class of new physics models, however, there could be sources
of sizable LFV. Origin of the LFV and phenomenological predictions have been extensively
studied based on various ideas such as supersymmetry [2, 3, 4, 5], extra-dimension [6, 7, 8],
and so on [9].
Although no evidence of the LFV has been observed so far, several experiments are
aiming to find signatures of LFV in the charged lepton sector, e.g., µ→ eγ at MEG II [10],
µ→ eee at Mu3e [11], µ-e conversion (µN → eN) at COMET [12] and Mu2e [13], the LFV
in τ decays at Belle II [14], etc (see e.g. [15, 16] for reviews). The sensitivities of (some of)
these experiments to new physics search have been studied in, e.g., refs. [17, 18, 19], based
on the effective Lagrangian with higher dimensional operators. In this paper, we investigate
a possibility to search for the LFV processes from the four-Fermi contact interactions at the
collider experiments. We focus the processes
e+e− → e+`−, (1)
e−e− → e−`−, (2)
for ` = µ, τ at future e+e− linear collider (International Linear Collider, ILC) [20] and e−e−
collider as its option1. The new physics effects on these processes can be parametrized
by six couplings for each lepton flavor `, and we examine constraints on these parameters
from the ILC experiments. We show that the ILC experiment is less sensitive than the
previous LFV experiments for ` = µ case. On the other hand, upper bounds on the LFV
parameters could be improved by more than an order of magnitude from the previous bound
for ` = τ case, in particular by using the polarized electron beam. This paper is organized
as follows. We briefly review the effective Lagrangian of four-Fermi contact interactions and
some observables related to our study in Sec. II. Numerical analysis and limits on the LFV
parameters will be given in Sec. III. Sec.IV is devoted to summary.
1 A possibility of the LFV process (1) due to the sterile neutrino production and decay has been discussed
in ref. [21], while the process (2) has been studied in the type-II seesaw model in ref. [22].
2
2 Four-fermi interactions and observables
The effective interaction Lagrangian describes the LFV processes via the four-Fermi contact
interactions is given by [23]
Leff = −4GF√
2
{
g`1
(
`ReL
)
(eReL) + g
`
2
(
`LeR
)
(eLeR)
+ g`3
(
`Rγ
µeR
)
(eRγµeR) + g
`
4
(
`Lγ
µeL
)
(eLγµeL)
+ g`5
(
`Rγ
µeR
)
(eLγµeL) + g
`
6
(
`Lγ
µeL
)
(eRγµeR)
}
+ h.c., (3)
where the Fierz rearrangement is used. The suffix ` stands for µ or τ , and GF denotes the
Fermi coupling constant. The subscripts L and R represent the chirality of a fermion f ,
i.e., fL(R) ≡ 1−(+)γ52 f . There are six dimensionless couplings gi (i = 1 ∼ 6) but only three
parameters are constrained from the LFV experiments as will be shown later.
In the limit of massless leptons, the spin-averaged differential cross-section in the center-
of-mass (CM) system for e+e− → e+`− and e−e− → e−`− are calculated from the effective
Lagrangian (3) as
dσ(e+e− → e+`−)
d cos θ
=
G2F s
64pi
[(
G`12 + 16G
`
34
)
(1 + cos θ)2 + 4G`56
{
4 + (1− cos θ)2}] , (4)
dσ(e−e− → e−`−)
d cos θ
=
G2F s
16pi
[
G`12 + 16G
`
34 + 2G
`
56(1 + cos θ)
2
]
, (5)
where
√
s denotes the total energy in the CM-system and the parameter G`ij is defined as
G`ij ≡ |g`i |2 + |g`j|2. (6)
The couplings in the effective Lagrangian (3) also induce the LFV process µ → eee or
τ → eee (hereafter we denote these processes as µ → 3e and τ → 3e for simplicity). The
branching ratio of µ→ 3e is expressed in terms of Gµij as [24]
Br(µ→ 3e) = Γ(µ→ 3e)
Γ(µ→ eνµν¯e) =
1
8
(Gµ12 + 16G
µ
34 + 8G
µ
56) , (7)
while that of τ → 3e is
Br(τ → 3e) = ττ
τµ
(
mτ
mµ
)5
× 1
8
(Gτ12 + 16G
τ
34 + 8G
τ
56)
≈ 0.022× (Gτ12 + 16Gτ34 + 8Gτ56) , (8)
where ττ and τµ are the lifetime of τ and µ, respectively, and we adopt ττ = 2.91× 10−13 s
and τµ = 2.20 × 10−6 s for the numerical evaluation [25]. To find constraints on the LFV
parameter Gij from µ → 3e and τ → 3e, we summarize current experimental bounds on
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Figure 1: The cross section of e+e− → e+`− (upper) and e−e− → e−`− (lower) for √s =
250 GeV (green), 500 GeV (red) and 1 TeV (blue). The dotted and dashed vertical lines
denote the upper bounds on Gij from µ→ 3e [26] and τ → 3e [27].
those processes. The upper bounds on Br(µ+ → e+e+e−) and Br(τ → 3`) have been given
by the SINDRUM [26] and the Belle [27] collaborations, respectively:
Br(µ+ → e+e+e−) < 1.0× 10−12, (9)
Br(τ− → e−e+e−) < 2.7× 10−8. (10)
The experimental limits (9) and (10) can be read as constraints on the LFV parameter Gij
through eqs. (7) and (8).
In Fig. 1, we show the cross sections for e+e− → e+`− (upper) and e−e− → e−`− (lower)
from eqs. (4) and (5) with the pseudo-rapidity |η| ≤ 2.5 as functions of the LFV parameter
G12 (left), G34 (center) and G56 (right). In each figure, the cross section is evaluated varying
only Gij shown at the horizontal axis, and the other two parameters are set to be zero. The
green, red and blue lines correspond to the CM energy
√
s = 250 GeV, 500 GeV and 1 TeV,
respectively. The dotted and dashed vertical lines denote constraints on Gij from SINDRUM
for ` = µ and Belle for ` = τ , respectively.
It can be seen from Fig. 1 that the LFV parameter Gij for ` = µ is strongly constrained
from µ→ 3e. Taking account of the bounds on Gij for ` = µ, the cross sections are roughly
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smaller than 10−5 fb for both e+e− → e+µ− and e−e− → e−µ−, which are too small to
observe the LFV process at the ILC. On the other hand, since current limits on Gij for
` = τ are much weaker than the µ-channel, it could be expected that the ILC experiment
has a certain sensitivity for exploring the LFV processes using the τ -channel. We, therefore,
focus on the ` = τ case in the following study2. It should be noted that the limit of the
LFV decay τ → 3` is expected to be improved significantly in the level of O(10−10) at the
super-KEKB [28].
3 Constraints on the LFV parameters at the ILC
Next we study constraints on the LFV parameter Gij expected at the ILC experiments. The
SM background processes on the signal processes (1) and (2) are
e+e− → e+νeτ−ν¯τ , (11)
e−e− → e−νeτ−ν¯τ . (12)
To estimate the background events quantitatively, we generate these processes using Mad-
Graph5 aMC@NLO [29] with the pseudo rapidity |η| ≤ 2.5. We summarize the cross
section of the SM background processes (11) and (12) for
√
s = 250 GeV, 500 GeV and
1 TeV in Table 1. Then the upper limits of the LFV parameters are examined using the
√
s = 250 GeV 500 GeV 1 TeV
σ(e+e− → e+νeτ−ν¯τ ) [fb] 203 113 85.5
σ(e−e− → e−νeτ−ν¯τ ) [fb] 29.7 122 198
Table 1: Summary of cross section of the background processes (11) and (12) for
√
s =
250 GeV, 500 GeV and 1 TeV obtained by MadGraph5 aMC@NLO [29].
χ2-function defined as
χ2 ≡ (NS+B −NB)
2
NB
, (13)
where subscripts S and B denote the signal and background respectively. The number of
event N is defined from the cross section σ and the integrated luminosity
∫
dtL as N ≡
σ · ∫ dtL. In the following analysis, we use the set of √s and the luminosity at each phase
of the ILC experiment [30] as summarized in Table 2. We set the 95% CL limit on the LFV
parameters at χ2 = 3.84.
We show χ2 as a function of the LFV parameter for e+e− → e+τ− (upper) and e−e− →
e−τ− (lower) in Fig. 2. The green, red and blue curves are obtained using (i), (ii) and (iii)
2hereafter we suppress the index ` in G`ij .
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(i) (ii) (iii)√
s (GeV) 250 500 1000
L (1034 cm−2 s−1) 0.75 3.6 3.6
Table 2: summary of center-of-mass energy (
√
s) and luminosity planned at the ILC exper-
iment [30].
in Table 2, respectively. The vertical dashed-line in each figure denotes the upper bound on
Gij from Br(τ → 3e);
G12 < 9.0× 10−7, G34 < 5.6× 10−8, G56 < 1.1× 10−7. (14)
The horizontal-dashed line represents χ2 = 3.84. We find that, for both
√
s = 250 GeV (i)
and 500 GeV (ii), none of three LFV parameters are improved over the upper limits from
Br(τ → 3e) (14). For √s = 1 TeV, the upper limits at 95% CL on G56 in the e+e− collision
and G12, G34 in the e
−e− collision are better than those from Br(τ → 3e) (14), but the
improvement is marginal.
Next we discuss a possibility to use the polarized electron beam. In many of the Feynman
diagrams for the background processes (11) and (12), the initial electron couples to the W -
boson which appepars in the intermediate state. Contributions from such diagrams are
suppressed when the electron beam is polarized to be right-handed, since only the left-
handed electron can couple to the W -boson. In Fig. 3, we show χ2 as a function of Gij for
√
s = 250 GeV 500 GeV 1 TeV
σ(e+e−R → e+νeτ−ν¯τ ) [fb] 3.45 0.827 0.256
σ(e−e−R → e−νeτ−ν¯τ ) [fb] 6.95 15.0 12.4
Table 3: Summary of cross section of the background processes (11) and (12) for
√
s =
250 GeV, 500 GeV and 1 TeV obtained by MadGraph5 aMC@NLO [29].
the e+e−R (upper) and the e
−e−R (lower) collisions. As we expected, the suppression of the SM
background processes due to the right-handed electron beam makes the upper limits on the
LFV parameter Gij better than the unpolarized case shown in Fig. 2. For the e
+e−R collision,
the 95% CL upper limits on three LFV parameters for
√
s = 1 TeV are
G12 < 1.8× 10−7, G34 < 1.0× 10−8, G56 < 1.1× 10−8, (15)
which are a few factors smaller than those from Br(τ → 3e) at the Belle experiment (14). On
the other hand, the bounds on Gij for both
√
s = 250 GeV and 500 GeV are still worse than
those in τ → 3e, except for G56 for
√
s = 500 GeV which is comparable with Br(τ → 3e).
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Figure 2: The χ2-parameters as functions of G12, G34 and G56 for e
+e− (upper) and e−e−
(lower) collisions. The parameters (i), (ii) and (iii) in Table 2 are used to obtain green, red
and blue curves, respectively. The vertical line denotes the upper bound on Gij from τ → 3e
and the horizontal-dashed line represents χ2 = 3.84.
In the e−e−R collision, the upper limits on Gij are improved further. For
√
s = 500 GeV, the
upper limits at 95% CL are given as
G12 < 2.2× 10−7, G34 < 1.3× 10−8, G56 < 8.5× 10−8, (16)
and those for
√
s = 1 TeV are given as
G12 < 5.0× 10−8, G34 < 3.1× 10−9, G56 < 1.9× 10−8, (17)
which are better than the limits from Br(τ → 3e) (14).
We have so far discussed the search limits on the LFV processes at the ILC without taking
account of the decay of the τ -lepton in the final states. The ILC is expected to achieve a
good detector performance for efficiency and purity of the main τ -decay mode selections [31],
as shown in Table 4 together with the experimental data of branching ratio [25]. The
efficiency and purity in the table were calculated from τ+τ− production events, in which two
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Figure 3: The χ2-parameters as functions of G12, G34 and G56 for e
+e−R (upper) and e
−e−R
(lower) collisions.
τ candidates are required to be almost back-to-back. It is, therefore, a good approximation
to assume 100% efficiency of these decay modes in the following discussion. Using three
decay modes in Table 4, we find that the upper bounds of the LFV parameter are twice
(1/(0.178+0.174+0.108)=2.17) as large as (15), (16) and (17). For example, the upper
limits at 95% CL for
√
s = 1 TeV in the e−e−R collision are given as
G12 < 1.1× 10−7, G34 < 6.8× 10−9, G56 < 4.2× 10−8. (18)
The improvement is nearly an order of magnitude in G12 and G34.
4 Summary
In summary, we have investigated constraints on four-Fermi contact interactions which leads
to the LFV processes at the ILC experiments. The cross sections for both e+e− → e+`−
and e−e− → e−`− are parametrized by three LFV parameters, G`12, G`34 and G`56, for each
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Mode Branching ratio [25] Efficiency [31] Purity [31]
e−ν¯eντ 17.8% 98.9% 98.9%
µ−ν¯µντ 17.4% 98.8% 99.3%
pi−ντ 10.8% 96.0% 89.5%
Table 4: Branching ratio, efficiency and purity of main τ decay modes.
lepton flavor `. Taking account of constraints from measurements of Br(µ → 3e) at the
SINDRUM experiment and Br(τ → 3e) at the Belle experiment, we studied the upper limit
on Gij expected at the ILC experiments. Although the ILC cannot give better bounds on
the LFV parameters than those at the SINDRUM experiment for ` = µ, we found that the
measurements of cross sections of e+e− → e+τ− and e−e− → e+τ− at the ILC experiment
could improve the upper limits on the LFV parameters over those at the Belle experiment.
In particular, the use of polarized electron beam increases the sensitivity of measurements
of the signal events by suppressing the SM background significantly. Owing to the expected
high-efficiency of main τ decay modes at the ILC, we found that the 95% CL upper limits
on the LFV parameters at the ILC are in the level of O(10−7− 10−9) for √s = 1 TeV, which
are better than the previous experiment nearly an order of magnitude.
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